Two low-carbon steels with different impurity contents were prepared by strip casting to clarify the advantages of the process. The mechanical properties and the plastic anisotropy of the as-cast, the homogenized and the recrystallization annealed strips were investigated and compared. The as-cast strips showed a good strength-ductility balance and a superior plastic anisotropy to the other strips. The largest average ferrite grain oriented in the -fiber is concluded to be responsible for the highest normal anisotropy in the as-cast strips. Meanwhile, the orientation volume ratio between the -fiber and the -fiber showed a roughly linear relationship with the normal anisotropy of the recrystallization annealed strips. The lower planar anisotropy in the as-cast and homogenized samples was related to the orientation distribution on the h114ikND orientation line.
Introduction
The prevailing process for producing steel strips is comprised of continuous slab casting, hot rolling and cold rolling stages and requires a comparatively high consumption of time and energy. In contrast, the strip casting process has a clear advantage because of its low consumption of time and energy due to the direct production of near-net-shape strips from liquid metal. Based on this advantage, the strip casting has been applied to the commercial production of stainless steel sheets. [1] [2] [3] For further application to low carbon steels, the process has attracted many researchers to conduct relevant studies such as surface quality control, property improvement and so on. [4] [5] [6] [7] [8] These laboratory-or pilot-scale investigations and the process simulation have led to the fundamental understanding of the following microstructural features: the alleviation of the element segregation of P and Cu due to rapid solidification; 5, 9) the austenite grains in an air-cooled cast strip to remain coarser than those of hot rolled strips; 10) and coarse and irregular ferrite grains in the as-cast strip. 4) However, not much data has been reported on the texture and formability of strip-cast low carbon steels. Unless some merits in such performance can be realized, the strip casting will not become popular in the production of low carbon steel strips. Therefore, in the present study, microstructures, textures, and plastic anisotropy of the strip-cast low carbon steels were investigated for two different chemical compositions of 0.05 mass% C with low impurity and 0.08 mass% C with high impurity. The latter was conducted from the viewpoint of scrap utilization in the future.
The microstructures of the strip cast steels have a characteristic of irregular ferrite morphology. Since large and equiaxed ferrite grains are believed to have a beneficial effect on plastic anisotropy, [11] [12] [13] [14] a high temperature homogenization was carried out to obtain the coarse and equiaxed ferrite grains. In addition, the cold rolling and recrystallization annealing, as the conventional production process of deep drawing steels, was also performed to examine the effects of texture components on the plastic anisotropy of low carbon steels. The plastic anisotropy, an important measure of drawability, mainly depends on the formation of specific fiber texture. On the basis of texture analysis with the inverse pole figures, Held 15) proposed that the intensity ratio between the texture components of {111} and {001} is linearly related to the normal anisotropy for the recrystallization annealed steel strips with various cold rolling reductions. However, this analysis seems to be too general to describe the similar relationship in the strip-cast low carbon steels with weak texture. 4, 5, 7) In the present study, the texture was characterized in detail by combining the orientation distribution function (ODF) and the orientation imaging microscopy (OIM) analysis to discuss the effects of the volume fractions of the principal texture components on the plastic anisotropy.
Materials and Experimental Procedures
The chemical compositions of the experimental steels are given in Table 1 . Steel A is a 0.05 mass% C steel with low contents of impurities, and Steel B is a 0.08 mass% C steel with high contents of impurities. The strips with a width of 600 mm and a thickness of 3.6 mm were directly strip cast at a speed of 0.333 m/s by a twin roll caster, followed by radiant cooling on a transportation roller table and coiling at about 1073 K. The as-cast strips were named CA and CB or Cseries. Here ''CA'' stands for ''as-Cast strip of Steel A''.
Two kinds of post-casting processes were applied to the ascast strips. One was homogenizing in fluid argon atmosphere at 1473 K for 1:08 Â 10 4 s followed by furnace cooling to After removing a quarter of the strip thickness from one side through mechanical and electrochemical polishing, the {110}, {200}, {211} incomplete pole figures were measured by the Schulz reflection method with a Rigaku RINT2200 Xray diffractometer operated at 40 KV, 40 mA with the CoK radiation, and the polar angle varied from 0 to 75 at a step of 5 . The orientation distribution function (ODF) was analyzed by the Arbitrarily Defined Cells (ADC) iterative discrete method that was reported to be more accurate than the other iterative discrete method. 16) Meanwhile, the volume fractions of the specific orientation components such as {111}h110i, {111}h112i, {112}h110i, etc. were calculated by the LaboTex2.1 texture analysis software.
was chosen as the integration region around an ideal orientation (' 1 , , ' 2 ) in the Euler angle space.
The microstructures were observed with a LEO 1550 scanning electronic microscope operated at 25 kV, and the mean grain sizes of both the random oriented ferrite and the specific oriented ferrite were analyzed by the TexSEM Laboratory OIM system, where the tolerant angle between two neighboring grains was selected as 15 .
Experimental Results

Tensile properties and plastic anisotropy
Yield strength and elongation perpendicular to RD or CD are plotted against the tensile strength in Fig. 1 . Each H-series strip has a lower yield strength, a lower tensile strength, and a lower yield ratio than those of the corresponding C-series. The R-series strips have tensile strengths comparable to the corresponding C-series ones. However, the R-series have higher yield strengths and higher yield ratios than the corresponding C-series due to the adjustment of the recrystallization treatments. Steel B shows a tensile strength that is 100 MPa higher than that of Steel A for the respective series strips. This is mainly due to the difference in impurity contents.
As usual the total elongation decreases with an increase in tensile strength. However, when the product of tensile strength and total elongation ( b Á t ) is taken as a measure for evaluating the strength-ductility balance, almost all the strips except for CA and R1B show a similar product value of 14000 (CA and R1B have a product value of 12000). Note that CB reveals a strength-ductility balance, which is better than that of CA.
Figures 2(a,b) shows the r m and jÁrj values against the tensile strength. The C-series and H-series have the higher r m values of more than 1, and the lower jÁrj values that are close to 0, compared with those of the R-series strips. CB and HB have a similar r m value to CA and HA, although the former has a higher strength than the latter.
The R-series strips are inferior to the other two series strips with respect to plastic anisotropy as shown in Fig. 2 (c). No significant difference is observed in the r m values of the Rseries strips between Steel A and Steel B. However, the jÁrj value is lower in Steel B than in Steel A.
Microstructure morphology and ferrite grain sizes
of the low carbon steel strips Figure 3 shows the optical microstructures of the C-series and H-series strips. The C-series microstructure has the characteristics of being non-uniform and irregular. On the other hand, the H-series microstructure is uniform and equiaxed. In both series, Steel B seems to have finer microstructures than Steel A. Figure 4 shows the nominal diameter distributions of ferrite grains that were determined by the OIM analysis technique. The ferrite grain size (FGS) of CA varies from 10 to 180 mm, with some extra large grains of about 250 mm. The resultant mean size is 105 mm. In contrast, the FGS of CB has a narrower distribution around a finer size with the exception of a small amount of coarser sized grains. The mean size is 62.6 mm. Both HA and HB also have the narrower distribution in FGS with some exceptions of coarse grains. The mean FGS is 113 mm and 98.2 mm for HA and HB, respectively.
Thus, Steel B has a finer FGS than Steel A in both the Cand the H-series. The previous study 9) pointed out that the phosphorus addition introduces finer as-solidified micro- structures such as the primary dendrite arm spacing, the secondary dendrite arm spacing, and the austenite grain size. This effect seems to be inherited to the resultant ferrite structures in the as-cast condition as well as to that in the which is nearly equal to the coefficient of the grain size term in Pickering's experiential formula. 17) YS(MPa) ¼ 15:4½3:5 þ 2:1ð%MnÞ
where (%Mn), (%Si) and (%N f ) are the amounts of Mn, Si, and the solid solution N (mass%), respectively, and d is the ferrite grain size (mm). Steel B evidently has a higher strength than Steel A at a given FGS, with a difference of about 75 MPa between the two bands. In addition, the C-series seems to have an unexpectedly high strength level compared to the H-and Rseries strips. The details of why the as-cast strips have such a high strength will be discussed elsewhere. Figure 4 also shows the morphological characteristics of specifically oriented ferrite grains with a misorientation of less than 15 to the ideal orientations. The h111ikND (-fiber) and h110ikRD (-fiber) oriented ferrite grains are marked in dark gray and light gray, respectively, and FGS and FGS are their corresponding mean nominal diameters. FGS of CA is much larger than FGS ; meanwhile, the FGS of CB is almost the equal to FGS . In HA and HB, FGS is much smaller than FGS . It means that the homogenization treatment promotes the growth of the -fiber oriented ferrite grains.
In the R-series, both FGS and FGS are about 10 mm, apparently smaller than those in the C-and H-series, as shown in Fig. 6 . In addition, many rolled deformation grains can still be observed in R1B (Fig. 6(c) ), and this retarded recrystallization behavior of Steel B compared to Steel A seems to be relevant to the solute drag effect of phosphorus.
18)
Texture characterization and volume fraction calculation of orientation components
ODF sections of all the strips are illustrated in Fig. 7 . The maximum intensities of the as-cast textures in CA and CB are 2.02 and 1.95 times random, respectively, which seems much weak and is consistent with some previous reports. 4, 5, 7) However, a relatively stronger h111ikND fiber can be observed in CA compared with in CB while the maximum intense orientations in the two ascast strips both locate at {114}h221i. As a whole, all the textures obtained from different processes shows three common characteristic orientation lines, i.e. h110ikRD, h111ikND and h114ikND. Meanwhile, the orientation density along the h111ikND and h114ikND orientation lines seems to be more intensified than that of the h110ikRD orientation line, as shown in Fig. 7 .
Along the h110ikRD, i.e. -fiber orientation line in Fig.  8 (a), CA shows a stronger {112}h110i component than HA, and CB shows stronger {114}h110i component, but weaker {112}h110i and {111}h110i components than HB. The orientation {114}h110i is near the highly stable component {113}h110i reported in the cold rolled extra low carbon steels 19) within 5 departure. Along the h111ikND, i.e. -fiber orientation line (Fig.  8(b) ), the {111}h112i components are stronger than the {111}h110i components in the C-and H-series. The orientation densities of Steel A are apparently higher than those of Steel B in both the C-and H-series. Meanwhile, HB shows more random orientations compared to CB.
Along the h114ikND orientation line (Fig. 8(c) ), the much concentrated orientations in the C-series are the {114}h221i and {114}h481i (near {114}h110i) components. However, in HA, the stronger components are {114}h110i and {114}h110i, and in HB, the orientation density distribution tends to be slightly random.
The volume fractions of the specific texture components of the strips in Fig. 7 were calculated and shown in Table 2 . To obtain the precise volume fractions of the main texture components and exclude the disturbance of the neighboring orientations as much as possible, a small integration region cell,
, covering only about 0.45% of the entire Euler space, that is to say, if the value of the ODF is unity everywhere for a random specimen, the orientation fraction volume calculated within this cell is about 0.45%) was employed. In Steel A, the texture components of CA show a larger volume fraction than the relative component of HA. However, in Steel B, almost all the texture components of CB are weaker than the relative texture components in HB. Since CB shows a higher r m value than HB, it is unreasonable to estimate the normal anisotropy according to the absolute intensity of the -fiber or other components.
For the R-series, R2A exhibits lower volume fractions than the other R-series strips in all orientation components. On the other hand, R2B showed a higher volume fraction in thefiber orientation components than that in the -fiber orientation components as a result of the nearly complete recrystallization.
Discussion
4.1 Effect of average grain size of -fiber oriented ferrite on r m value of strip-cast low carbon steels Figure 9 shows the apparent difference between the measured r m value and the calculated r m value by means of the relaxed constraint Taylor model with free shear components " 31 and " 32 in a coordinate system with x 3 parallel to the normal of the sheet and x 1 parallel to the rolling direction, 20, 21) indicating that there are other factors to influence the r m value. According to Karlyn's investigation on cold rolled and recrystallization annealed sheets of IF, Al-killed and rimmed steels, the increased r m value with the increment of the ferrite grain size was attributed to the selective growth of h111ikND recrystallized grains at the expense of other oriented grains. 11) In other words, the growth of the -fiber oriented ferrite grains is beneficial to the increment of the r m value.
In the present paper, though the recrystallization process seems impossible to occur in the as-cast or homogenized steel strips, however, the selective nucleation or selective growth of some specific orientations is still possible to take place during the phase transformations ! ! . In addition, the R-series were recrystallized. So the average grain sizes of {111}-fiber oriented ferrite were employed to compare the normal anisotropy of all the steel strips. Figure 10 plots the r m value of the strips against FGS for all the strips in the present study. A linear relationship between the r m value and the logarithm of FGS can be roughly obtained. Both CA and CB have larger FGS than the relative H-series strips, which results in a better normal anisotropy in the C-series strips. Furthermore, the average grain sizes of the H-series strips are apparently larger than those of the R-series strips and contribute to a higher r m value.
Effect of orientation volume ratio of texture compo-
nents on r m value of R-series strips As shown in Fig. 10 , there is an apparent discrepancy between the r m values in the R-series strips with almost the same FGS of 10 mm. Therefore, the relative volume fraction of the -fiber oriented grains is considered as another factor to determine the r m value. Since {111}h011i and {111}h112i orientations are two typical components in the -fiber texture, their volume fractions are hence added together as the volume fraction of the -fiber texture. On the other hand, {112}h110i and {114}h110i orientations are also summed up to represent the volume fraction of the -fiber texture. As shown in Fig. 11 , the R-series strips with almost equal FGS show an approximately linear relationship between the r m value and the volume fraction ratio of -fiber and -fiber components (V =V ). The presence of a stronger -fiber texture component is thought to be detrimental to the r m value of steel strips, and under the condition of almost equal grain sizes, all means to reduce the -fiber oriented component intensity and/or to increase the -fiber oriented component intensity are considered to be beneficial to the improvement of the normal anisotropy of steel strips. 4.3 Effect of {114}-fiber texture components on the planar anisotropy of strip-cast low carbon steels According to the theoretical calculations, 22) the idealfiber texture does not lead to a higher planar anisotropy or an apparent earring effect during deep drawing. Therefore, other texture components are thought to be responsible for the planar anisotropy. 22, 23) The effect of orientation components of the {114}-fiber texture on the planar anisotropy of steel strips is considered in this section.
Based on the relaxed constraint (pancake) Taylor model, 22, 24) the calculated values Ár c of the theoretical planar anisotropy of the orientations {114}h110i, {114}h221i and {114}h041i with a 16.5
Gaussian spread are given in Table 3 . It is easily found that the orientation {114}h041i has a positive theoretical planar anisotropy while the orientations {114}h110i and {114}h221i both have a negative theoretical planar anisotropy. Since their absolute values are almost equal, their total effects to the planar anisotropy of above strip-cast steels can be roughly considered together by an algebraic sum (Ár c Á VÞ f114gh110i þ ðÁr c Á VÞ f114gh211i þ 2ðÁr c Á VÞ f114gh041i , i.e. the orientation volume difference 2V f114gh041i À V f114gh110i À V f114gh221i , where the orientation component {114}h041i is the orientation component in the DD direction, its coefficient is considered as 2 just similar to the defining equation of the planar anisotropy Ár ¼ ðr 0 þ r 90 À 2r 45 Þ=2. Figure 12 shows that the Ár-value has a roughly linear relationship to the orientation volume difference. The high orientation volume difference is deleterious to the planar anisotropy of strip-cast low carbon steels. The slope difference between two steels A and B may be relevant to the effects of other orientation components and/or their chemical compositions.
Conclusions
Strips of two low carbon steels with different impurity contents were prepared by strip casting. The mechanical properties and plastic anisotropy for the as-cast, the homogenized, and the recrystallization annealed strips were compared. The mean ferrite grain sizes with specific orientations and the volume fractions of the principal texture components were analyzed to explain the plastic anisotropy discrepancies among these strips. The main results are as follows:
(1) The as-cast strips have a good strength-ductility combination and show a superior plastic anisotropy, i.e. high normal anisotropy and low planar anisotropy, to the other strips;
(2) The textures of the strips are characterized by three orientation lines, i.e. h110ikRD, h111ikND and h114ikND. Meanwhile, the orientation densities along the h111ikND and h114ikND orientation lines are more intensified than that along the h110ikRD orientation line; (3) The as-cast strips have the largest nominal diameter of the -fiber oriented ferrite grains than those in other strips. The superior normal anisotropy of the as-cast strip is mainly due to the large ferrite grain size with the -fiber orientation; (4) The volume fraction ratio between the -fiber and the -fiber texture orientation components accounts for the discrepancy in the normal anisotropy for the recrystallization annealed strips with same average grain sizes of -fiber oriented ferrite; (5) The improved planar anisotropy of the as-cast and homogenized strips is related to the proper orientation compensation of the unidealy scattered texture components on the h114ikND line. Fig. 12 Relation between planar anisotropy and orientation volume difference in the low carbon steel strips. Fig. 11 Relation between normal anisotropy and orientation volume fraction ratio in the low carbon steel strips.
